Abstract. The nudix hydroxylase (NUDT) family of genes may have notable roles in cancer growth and metastasis. The present study aimed to determine the prognostic ability of NUDT genes in clear cell renal cell carcinoma (ccRCC). Data from 509 patients with ccRCC was obtained from The Cancer Genome Atlas (TCGA) database and 192 patient samples from Fudan University Shanghai Cancer Center (FUSCC) were analyzed in the present study. The expression profile of NUDT gene family members in the TCGA cohort was obtained from the TCGA RNA sequencing database. Pathological characteristics, including age, sex, tumor size, tumor grade, stage, laterality and overall survival were collected. Cox proportional hazards regression model and Kaplan-Meier survival analysis were performed to assess the associations between pathological characteristics and expression levels of NUDT family genes. NUDT family genes that exhibited associations with overall survival (OS) were further validated in the FUSCC cohort. In the TCGA cohort, Cox proportional hazards analysis found that NUDT5 [hazards ratio (HR)=1.676; 95% confidence interval (CI), 1.097-2.559] and NUDT17 (HR=1.375; 95% CI, 1.092-1.732) were predictive of ccRCC prognosis. Further analysis revealed that low NUDT5 (P<0.0001) and NUDT17 (P<0.0001) expression were associated with poorer OS rates in the TCGA cohort. In the FUSCC cohort, low NUDT5 expression was also associated with poor OS rates (P=0.0116), and tumor grade was a factor that influenced the expression level of NUDT5 (P=0.016).
Introduction
Renal cell carcinoma (RCC) is responsible for about 3% of all malignancies in adults, and 250,000 new cases of kidney cancer are diagnosed each year worldwide (1) . At present, clear cell RCC (ccRCC) is the most common form of adult kidney cancer, representing a diverse set of neoplasms with unique genetic and histological features (2, 3) . Despite developments in diagnosis and treatment strategies of RCC during the past few years, one-third of patients present with metastatic disease at diagnosis (2) . Furthermore, 20-40% of RCC patient that undergo surgical nephrectomy will develop metastasis, meaning poor prognosis. Prognostic factors for RCC include histological subtype, nuclear grade, tumor size, local extent of the tumor and evidence of metastatic disease at presentation (4, 5) . Although a number of targeted drugs have emerged in recent years, the overall survival times of patients with metastatic kidney cancer remain short (6) . ccRCC is generally resistant to standard chemotherapy and radiotherapy. Previous studies have revealed that the 5-year survival rate of patients with metastatic RCC is <10% (7, 8) . Therefore, to increase understanding of ccRCC prognosis and to develop novel biological therapies, it is necessary to identify molecular markers that have the potential to improve patient outcomes and provide novel molecular targets for adjuvant therapies.
Nudix hydroxylases (NUDTs) are a superfamily of Mg 2+ -coupling enzymes found in viruses, archaea, bacteria and eukaryotes, and catalyze the hydrolysis of nucleoside diphosphates associated with other moieties, X (any moiety) (9) . There are two components to the Nudix hydroxylases family: the so-called Nudix hydroxylases fold of a β-sheet with α-helices on each side and the Nudix hydroxylases motif which contains catalytic and metal-binding amino acids. The Nudix hydroxylases motif is GXXXXXEXXXXXXXREUXEEXGU where U is isoleucine, leucine or valine, and X is any amino acid (9) . All NUDT family members are characterized by a highly conserved 23-residue sequence motif, the Nudix box, and are housecleaning enzymes (10, 11) . NUDT family enzymes can activate a phosphodiester bond through the Mg 2+ -assisted nucleophilic attack of a water molecule by a basic residue. The typical NUDT reaction releases products such as N-methyl-2-pyrrolidone, phosphate, or pyrophosphate (12, 13) .
The human genome has 24 NUDT hydrolase genes and >5 pseudogenes, several of which encode more than one variant. Statistical analysis. Disease-free survival was defined as time from the date of diagnosis to the date of first recurrence or mortality. OS was calculated from the date of diagnosis to the date of death or of the last follow-up. Patients without events or death were recorded as censored at the time of last follow-up. Stata 12.0 software (StataCorp LP, College Station, TX, USA) was used to perform statistical analysis. Survival curves were constructed using the Kaplan-Meier method, with log-rank tests used to assess the differences between the groups. Adjusted odds ratios (ORs) with 95% confidence intervals (CIs) were calculated using the Cox proportional hazards model. Univariate and multivariate Cox Proportional hazards of NUDT family members expression and OS for patients with ccRCC in the TCGA cohort were analyzed. P<0.05 was considered to indicate a statistically significant difference. Genes that were associated with OS were studied further. Multivariate logistic regression was used to further study factors that could affect the expression of NUDTs. Student's t-test or Wilcoxon signed-rank test were performed in 70 couples of paired patients to assess the different expression of NUDT family genes between patients with ccRCC and healthy individuals. A t-test was applied when the test statistic would follow a normal distribution, if not, Wilcoxon signed-rank test was applied.
NUDT expression is

Results
Clinical characteristics of patients with ccRCC in TCGA and FUSCC cohort. In the TCGA cohort, the median age of the 509 patients with ccRCC was 61, ranging between 26 and 90 years old. Of these patients, 328 (64%) were male and 181 (36%) were female. Tumor size, TNM stage, tumor grade, laterality, hemoglobin level, white blood cell level and platelet level are shown in Table I . The median follow-up time of this cohort was 79.5 months.
In the FUSCC cohort, the median age of these 192 patients with ccRCC was 55.5, ranging from 17 to 84 years old; 131 (68.2%) were male patients and 61 (31.8%) were female patients. Tumor size, tumor grade, TNM stage, and tumor position are shown in Table I . The median follow-up time of this cohort was 47.1 months; 47 patients succumbed during follow-up.
NUDT5, NUDT9P1, NUDT16 and NUDT17 expression were independent prognostic factors for OS in the TCGA cohort.
In univariate Cox proportion hazard ratio analysis, age, tumor stage, metastasis, tumor stage, Fuhrman grade (All subsequent mentions of grade are referring to Fuhrman grade), hemoglobin level, white blood cell and platelet count, NUDT1, NUDT3, NUDT4, NUDT5, NUDT6, NUDT7, NUDT9P1, NUDT10, NUDT11, NUDT12, NUDT16, NUDT17, NUDT19, NUDT21 and NUDT22 expression were significantly associated with prognosis in terms of OS of patients with ccRCC in the TCGA cohort (P<0.05; (Table II) .
High expression of NUDT5 and NUDT17 were associated with better prognosis and longer OS in the TCGA cohort.
Further study of NUDT5, NUDT9P1, NUDT16 and NUDT17 expression revealed that they were normally distributed (data not shown), so TCGA cohort was divided into low and high expression groups according to the median expression level. As a result, higher NUDT5 (P<0.0001) and NUDT17 (P<0.0001) expression was associated with better prognosis for OS, whereas high levels of NUDT9P1 (P=0.151) and NUDT16 (P=0.153) expression was not associated with OS prognosis (Fig. 1) .
In multivariate logistic regression analysis of factors that could affect the expression of NUDT5, NUDT9P1, NUDT16 and NUDT17, tumor grade was significantly associated with NUDT5 (P=0.006) and NUDT17 (P=0.002) expression, while tumor stage was also significantly associated with NUDT5 (P=0.001) and NUDT17 (P=0.007) expression (Table III) .
To understand the different expression of NUDT family between patients with ccRCC and normal population further, the present study analyzed the expression of NUDT family in 70 couples of paired patients. If deviations in NUDT expression between couples fitted a normal distribution, paired student t-tests were performed; if not, Wilcoxon signed-rank test was performed. Using a paired Student's t-test, the expression of NUDT3, NUDT4, NUDT6, NUDY7, NUDT9SP1, NUDT12, NUDT13, NUDT15, NUDT16 and NUDT16SP1 was found to be significantly different between patients with ccRCC and paired healthy individuals, whereas differences in the expression of NUDT17 was not statistically significant. Using a Wilcoxon signed-rank test, expression of NUDT1, NUDT8, NUDT9, NUDT10, NUDT11, NUDT16L1, NUDT18 and NUDT21 were significantly different between patients with ccRCC and paired healthy individuals, whereas expression of NUDT2, NUDT5, NUDt14, NUDT19 and NUDT22 did not differ significantly (Table IV) .
NUDT5 expressions were prognostic factors for OS in the FUSCC cohort. NUDT5, NUDT9P1, NUDT16 and NUDT17 expression was validated in the FUSCC cohort. This cohort was then divided into low-and high-expression groups according to the median expression level. As the expression level of genes was based on the relative values of PCR results, patients were grouped by Δ-Ct (cycle threshold). Δ-Ct=Ct (target genes)-Ct (reference genes). The median Δ-Ct value of NUDT5, NUDT9P1, NUDT16 and NUDT17 were 8.29, 3.90, 7.32 and 4.67, respectively. As a result, low NUDT5 expression was associated with poor OS (log-rank test, P=0.0116), although the level of NUDT9P1 (log-rank test, P=0.5915), NUDT16 (log-rank test, P=0.6814) and NUDT17 (log-rank test, P=0.2968) expression was not associated with OS. The Kaplan-Meier curves are shown in Fig. 2 .
To understand the factors that may affect the expression of NUDT5, NUDT9P1, NUDT16 and NUDT17 in the FUSCC cohort further, multivariate logistic regression analysis with the same parameters including age, stage, grade, hemoglobin level; white blood cells level and platelets level was performed.
In the FUSCC cohort, tumor grade was significantly associated with the NUDT5 expression level (P=0.016) expression, whereas other parameters were not significantly associated with the expression of NUDTs (Table V) .
Discussion
To the best of our knowledge, the present study demonstrates that expression of the NUDT family of genes is associated with the OS of patients with ccRCC. Members of this family, particularly NUDT5, NUDT9P1, NUDT16 and NUDT17, may be independent prognostic factors for OS in patients with ccRCC.
-------------------------------------------------------------------------------------------------------------------------------------------------------------------------
The present study demonstrates that the NUDT family may have important roles in suppressing the progression of ccRCC. NUDT5, NUDT9P1, NUDT16 and NUDT17 expression were independent prognostic factors for OS in patients Table III . Multivariate logistic regression analysis of factors that might affect the expression of NUDT5, NUDT9P1, NUDT16 and NUDT17 in The Cancer Genome Atlas cohort with clear cell renal cell carcinoma. with ccRCC. Reduced expression of NUDT5 and NUDT17 was associated with poor prognosis and decreased OS time. Expression of NUDT5 is closely associated with the prognosis of patients with ccRCC. Additionally, Fuhrman grade and TNM stage were significantly associated with NUDT5 and NUDT17 expression. However, upon statistical analysis of 70 paired patients with ccRCC and healthy individuals, there was no significant difference in expression of NUDT5 and NUDT17. This may be because: i) The number of patients included in the paired study was not large enough; and ii) in analysis of NUDT5, the Wilcoxon signed-rank test was used, which has a low power and thus may affect the outcome of the analysis. However, in patients in TCGA database, NUDT5 and NUDT17 remained good indicators of prognosis. To further verify the accuracy of NUDT as a ccRCC prognostic marker, FUSCC patient specimens were tested. Low NUDT5 expression was associated with OS rates in the FUSCC cohort. Even though no statistical difference existed between low and high NUDT17 expression groups in the FUSCC cohort, NUDT5 remains a good prognostic indicator, due to demographic difference between these two studies. All patients in the present study were Asian, while the majority of the patients in the TCGA cohort were Caucasian or of African descent.
NUDT5 NUDT9P1 NUDT16 NUDT17 ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
The human genome has 24 NUDT hydrolase genes and at least 5 pseudogenes (18) . NUDT genes are associated with metabolic reprogramming and mutagenesis. Previous studies have partially revealed their functions, even though the role they serve in tumorigenesis is poorly understood (16, 17) .
NUDT5 is an antimutator candidate; this protein was originally characterized as an ADP sugar hydrolase, which corresponds to the high-K m ADP Ribose-II isolated from tissues. ADP Ribose is a member of a family of proteins involved in a number of cellular processes such as DNA repair, genomic stability and programmed cell death (19, 20) . In experiments in vitro, NUDT5 suppressed the increased mutation rate of cancer cells and may act in concert with NUDT1 or NUDT15 in antimutagenesis (19, 20) . NUDT5 may also prevent transcriptional errors and mistranslation. Prior studies (19) (20) (21) also found that lowered NUDT5 expression led to cell cycle inhibition in HeLa cells (21) . Further studies indicated that the NUDT5 protein may have notable roles in regulating the G1-S transition in mammalian cells (22) (23) (24) .
Nudix hydrolase 9 pseudogene 1 (NUDT9P1) is located in the 5-HT receptor 7, adenylate cyclase-coupled (HTR7) gene, which is associated with the response to iloperidone. However, the role of NUDT9P1 in healthy or tumor cells remains unknown (25) .
NUDT16 is a 'housecleaning' enzyme that removes inosine diphosphate from the nucleotide pool. Studies have revealed that NUDT16 forms a dimer, which generates a positively charged trench to accommodate substrate binding (26) . NUDT16 may be involved in regulating ribosome biogenesis by altering the stability of U8 small nucleolar RNA and other guide RNAs (26, 27) . Studies have revealed that NUDT16 may interact with a nuclear protein phosphatase, possibly in a complex with small nuclear riboprotein components (28, 29) .
At the time of writing, NUDT17 remains an uncharacterized protein, with no known function. NUDT17 may be bi-functional and possess mRNA de-capping activity in cells, in addition to its reported activities on nucleotide containing molecules (16) .
Little is known about the NUDT family of genes in the field of oncology. NUDT1 and NUDT15 are expressed in RAS-dependent types of cancer (30, 31) . Loss of NUDT1 function impaired growth of KRAS proto-oncogene, GTPase-positive tumor cells. NUDT1 overexpression mitigated sensitivity towards certain experimental small molecules, including the NUDT1 inhibitor SCH51344 (30) (31) (32) . However, the association between NUDT family and tumorigenesis were not clear and studies about their role in renal cancer are rare (30) (31) (32) .
The present study confirmed the role of the NUDT family of genes in patients with ccRCC, identifying NUDT5 may inform on patient prognosis. Limitations of the present study are: i) All of the patients that were included in the present study were from Fudan University Shanghai Cancer Center with excellent follow-up, and patients from other centers were not included; ii) all patient tissue specimens in the present study came from patients who suitable to surgery so it is possible that the results will not apply to people who were not suitable for surgery; and iii) the number of patients who participated in the study was low.
The present study indicated the presence of an association between ccRCC outcome and NUDT gene family expression; however, the underlying mechanism has yet to be elucidated. The present study may have revealed novel ccRCC biomarkers or therapeutic targets; as such, further study is urged.
NUDT5 expression was identified as an independent prognostic factor for OS time of ccRCC in the present study: Low NUDT5 expression was associated with low OS time and Table V . Multivariate logistic regression analysis of factors that might affect the expression of NUDT5, NUDT9P1, NUDT16 and NUDT17 in the Fudan University Shanghai Cancer Center cohort with clear cell renal cell carcinoma. tumor grade was significantly associated with NUDT5 expression. NUDT5 could therefore act as a tool to reveal further prognostic genes in ccRCC.
